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The nucleotide sequence of a 307 bp fragment of the mitochondrial cytochrome-b gene was determined for 
12 species of parrot, using the polymerase chain reaction and direct sequencing. Sequence divergence ranged 
from 26-54 differences in pairwise comparisons, with the majority of base substitutions occurring at third 
positions of codons. The transition:transversion ratio was determined to be higher (approximately 24.3: 1) 
in recently divergent parrot lineages than has generally been observed in other groups. Strongly biased base 
composition, particularly at the third position of codons, is evident among the sequences. Phylogenetic 
relationships among more divergent taxa were estimated, using only transversion substitutions, while all the 
substitutions were useful for closely related taxa. The African genera Psittacus and Poicephalus are closely 
related, in contrast to the Australian genera Nymphicus, Purpureicephalus and Me/opsittacus, which 
represent more divergent lineages. The cockatoos appear to represent an ancient lineage within the parrots. 
T. P.  Birr, Department of Ornithology, Royal Ontario Museum, Toronto, Ontario, M5S 2C6, Canada 
The rapid rate of evolution and lack of recombina- 
tion endow the vertebrate mitochondrial genome 
with great utility in studies of population structur- 
ing and phylogenetic reconstruction (BROWN et al. 
1979; BROWN 1983; AVTSE et al. 1987). Until re- 
cently, estimates of sequence divergence among 
mitochondrial genotypes were typically calculated 
from data generated using restriction enzymes, an 
approach which estimates the degree of difference 
over the entire molecule rather than for specific 
sequences within the genome. However, functional 
constraints vary considerably over different regions 
of the mitochondrial genome; hence, rates of evo- 
lutionary change also vary (BROWN et al. 1982; 
THOMAS and BECKENBACH 1989). Until recently, 
estimation of sequence-specific divergence rates 
was possible only by employing the time-consum- 
ing methods of high resolution restriction site map- 
ping or cloning and sequencing (CANN et al. 1987; 
BROWN et al. 1982; FERRIS et al. 1983; THOMAS 
and BECKENBACH 1989). Development of the 
polymerase chain reaction (PCR) and direct se- 
quencing now permit rapid determination of 
nucleotide sequences of specific regions of the mi- 
tochondrial (and nuclear) genome (SAIKI et al. 
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1988; KOCHER et al. 1989). This information is of 
value for the delineation of affinities among evolu- 
tionary lineages. 
The avian order Psittaciformes (parrots) in- 
cludes some 332 species, the majority of which are 
distributed in tropical and subtropical regions of 
the southern hemisphere ( FORSHAW 1978). Previ- 
ous authors have observed that the parrots are well 
differentiated from other avian orders (THOMPSON 
1899; SMITH 1975; FORSHAW 1978); however, re- 
lationships within the order are unclear and several 
conflicting systematic arrangements based on 
anatomical and behavioral data have been pro- 
posed during the last 150 years. A few studies have 
addressed this topic at the molecular level ( SIBLEY 
1960; OVENDEN et al. 1987; RANDI and BERTAG- 
NOLIO 1990; CHRISTIDIS et al. 1991a); yet, no 
primary DNA sequence information is available. 
In this regard we report nucleotide sequences for a 
portion of the mitochondrial cytochrome-6 gene 
for 12 species of parrot (representing 9 genera) as 
determined using PCR amplification and direct 
sequencing. 
Materials and methods 
DNA extraction. - Tissues were sampled from 
captive specimens of the following parrots: 
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budgerigar (Melopsittucus undularus), red-cap para- 
keet (Purpureicephalus spurius), double yellow-head 
amazon (Amuzona ochrocephala oratrix), yellow- 
faced amazon ( A .  sanfhops), tucuman amazon 
( A .  rucumana), red-lored amazon ( A .  autumnalis 
autumnalis). short-tail parrot (Craydidascalus 
hraclzyurus). white-cap parrot (Pionus senilis). 
African grey parrot (Psittacus erirhucus timnrh). 
Senegal parrot (Poieephulus senegalus), cockatiel 
(Njtnphicus liollandicus), and Goffin’s cockatoo 
(Cacatua gq f ln i ) .  This group contains representa- 
tives of three of the four subfamilies of parrots 
recognized by SMITH ( 1975). Samples from the 
Loriinae were unavailable. A rock dove (Columbu 
h i u )  was sampled as an outgroup. Crude DNA 
was prepared from small amounts (approximately 
5 mg) of soft tissue (skeletal muscle, pulp from 
growing feathers, and skin cells associated with 
the shaft of mature contour feathers) or whole 
blood ( 5  pl) sampled from living and dead birds. 
Tissues were added (without mechanical disrup- 
tion) to 750 P I  of lysis buffer containing 100 mhl 
Tris-HCI, pH 8.0, 10 mM EDTA. 100 mM NaCI, 
0.1 YO SDS and 10 /(g,ml proteinase K and incu- 
bated overnight at a temperature of 55 C. 
Solutions were extracted twice with Tris-saturated 
phenol and once with ch1oroform:isoamyl alcohol 
(24: I ). 
D N A  atnplificafion. - Amplifications were done 
using primers L14841 and HI5149 (KOCHER et ai. 
1989). which flank a 307 bp region of the mito- 
chondrial cytochrome-h gene. Letters refer to light 
and hcavy strands and numbers to positions of the 
3’ nucleotides in the human mtDNA sequence 
( . ~ N D E R S O N  et al. 1981). This primer pair works 
well for a broad taxonomic group of vertcbrate 
species. and the particular sequence amplified has 
proven useful for phylogenetic studies in other 
animal groups (KOCHER et al. 1989). Double- 
stranded amplifications were performed in 25 pl 
of a solution consisting of 67 mM Tris pH 
8.8. 20 mM MgCl2. 50 mM B-mercaptoethanol, 
0.2 mkl each dNTP, 0.4 pM each primer, 1 pl 
crude DNA preparation. and 1 unit Tuy pol!- 
mcrase (Perkin-Elmer,Cetus). Thirty cycles of the 
follouing temperature regime were run: ( I )  45 s 
denaturation at 92 C; ( 2 )  45 s annealing at 55-C; 
and ( 3 )  60s extension at  72~C.  Aliquots (5~11)  
were electrophoresed in 2 YO low melting agarose, 
and small plugs ( 1 0 ~ 1 )  containing the desired 
product were dissolved in 1 ml water. One micro- 
liter of this solution was used as template for 
asymmetric amplification. Forty cycles of asym- 
metric amplification were done under the same 
conditions, except that L primer was diluted 100- 
fold. The resulting product was desalted, using 
ultra-filtration (Centricon-30, Amicon) and se- 
quenced, using the chain termination method 
(SANGER et al. 1977) with Sequenase (US Bio- 
chemical Corp.). 
Results and discussion 
Sequence divergence/base composition 
Nucleotide sequences for 12 species of parrot and a 
rock dove are shown in Fig. 1. The rock dove 
differed from all parrots at 12 positions. Among all 
13 species, 119 (38.8 %) variable nucleotide sites 
were present. Twenty-one variable sites were at  
first positions of codons (20.6 % of total), 6 vari- 
able sites were at  second positions (5.9 YO), and 92 
were at third positions (89.3 %). 
Among the parrots, the most similar sequences 
differed by 24 base substitutions ( A .  xanthops vs. 
Pionus senilis). The most divergent genotypes dif- 
fered by 52 substitutions ( A .  tucurnuna vs. Poi- 
cephalus senegalus). All pairwise comparisons of 
parrots vs. the rock dove revealed more than 50 
substitutions. Uncorrected sequence divergence 
values among the 4 Amazona species range from 
8.1 to 9.8 O/O, a somewhat more narrow range than 
among 5 species of Australian babblers (6.2-12 %; 
EDWARDS and WILSON 1990). 
Base composition at  first, second and third 
positions of codons are shown in Table 1. Biased 
base composition, a common feature of animal 
mtDNA (BROWN et al. 1982; IRWIN et al. 1991), 
is apparent in the parrot cytochrome-b sequences. 
The sequences shown in Fig. 1 (light strand) 
have a mean composition of 41.7 % purine and 
58.3% pyrimidine residues. Base composition 
differs at first, second, and third positions of 
codons. The four bases occur in nearly equivalent 
proportions at  first positions. Second codon posi- 
tions contain relatively more thymines and fewer 
guanines, while third positions are rich in adenine 
and cytosine. This pattern is similar to that re- 
ported by IRWIN et al. (1991) for the entire cy- 
tochrome-b gene in 20 species of mammals; 
however, the parrot cytochrome-b fragment ap- 
pears to differ from mammals in having a higher 
proportion of cytosine and a lower proportion of 
adenine residues. 
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Tra~itio~/transve~ions 
Table 2 presents the numbers of transitions and 
transversions observed between all species pairs. In 
agreement with previous studies, the ratio of transi- 
tions to transversions decreases with taxonomic 
distance (BROWN et al. 1982; THOMAS and BECK- 
ENBACH 1989; SMITH and PATTON 1991). Within 
the region of the cytochrome-6 gene considered, the 
numbers of transition substitutions present between 
closely related and distantly related taxa are similar. 
Hence, the number of relatively unconstrained sites 
is limited, and saturation of these sites occurs 
rapidly in diverging lineages. To estimate the ratio 
of transitions to transversions in recently diverged 
mitochondria1 lineages, we considered the se- 
quences of the 3 most similar species pairs, all of 
which differed by only I transversion. The mean 
ratio for these pairs is 24.3:l. This estimate is 
consistent with the observations of EDWARDS and 
WILSON (1990), who reported a ratio of approxi- 
mately 20:l among 5 species of Pomatostomus. The 
true ratio is actually somewhat higher since multiple 
transition hits will have occurred at some sites 
before transversion substitutions occur (EDWARDS 
and WILSON 1990). Our estimate does not distin- 
guish between silent and replacement substitutions, 
although the former greatly outnumber the latter. 
Transition:transversion ratio estimates at silent sites 
for other taxonomic groups (mostly mammals) are 
generally considerably lower than that for the par- 
rots (AQUADRO and GREENBERC 1983; IRWIN et 
al. 1991; CARR and MARSHALL 1991; BROWN et al. 
1982). The apparent high ratio among parrots could 
result from an unusually rapid rate of transition 
substitution, and/or a slower than usual rate of 
transversion substitution. Since there is very little 
known about the ages of parrot lineages, absolute 
rates of base substitution cannot be estimated; 
hence, it is not possible to rule out either possibility. 
Fig. 1. Nucleotide sequence of 307 bp segment of cy- 
tochrome-b gene (light strand) in I2 species of parrot. 
Nucleotides that do not differ from those of the budgeri- 
gar are indicated with dots. Amino acid sequence for the 
budgerigar is shown above the nucleotide sequence; vari- 
able amino acid positions are indicated with asterisks. 
Species represented are: 1) Melopsittacus undulatus, 2) 
Purpureicephalus spurius, 3 )  Amazona 0. oratrix, 4) A. 
xanthops, 5 )  A .  tucumana, 6 )  A .  a. autumnalis, 7 )  Graydi- 
dascalus brachyurus, 8 )  Pionus senilis, 9 )  Psittacus 
erithacus, 10) Piocephalus senegalus, 1 1 )  Nymphicus hol- 
landicus, 12) Cacatua gofini, and 13) Colurnba livia. 
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Tuhle 1 .  Base composition (%) at first, second and third positions of codons within 307 bp segment of parrot cytochrome-b genes 
FIRST SECOND THIRD 
A C G T  A C G T A C G T  
24.5 22.5 24.5 28.4 20.6 26.5 16.7 36.3 37.9 48.5 o 13.6 
23.5 25.5 25.5 25.5 19.6 26.5 16.7 37.3 35.9 47.6 4.9 11.7 
23.5 25.5 25.5 25 5 20.6 26.5 16.7 36.3 31.1 46.6 9.7 12.6 
24.5 26.5 24.5 24.5 20.6 25.5 16.7 37.3 36.0 50.5 1.9 11.7 
23.5 24.5 25.5 26.5 20.6 26.5 16.7 36.3 34.0 51.5 4.9 9.1 
25.5 26.5 2 3 5  24.5 20.6 25.5 16.7 37.3 30.1 55.3 6.8 7.8 
23.5 23.5 25 5 27.4 10.6 24.5 16.7 38.2 35.0 56.3 1.9 6.8 
25.5 15.5 2 5 5  23.5 21.6 26.5 16.7 35.3 32.0 50.5 5.8 11.7 
23.5 23.5 25.5 27.5 20.6 25.5 16.7 37.3 36.9 49.5 3.9 9.7 
24.5 26.5 24.5 24.5 20.6 25.5 16.7 37.3 30.1 41.6 6.8 15.5 
21.6 26.5 26.5 25.5 20.6 24.5 17.6 37.3 35.0 45.6 4.9 14.6 
23.8 25.2 25.4 2 5 6  20.7 25.9 16.8 36.8 33.4 49.8 5.1 11.7 
21.6 25.5 27.5 25.5 20.6 26.5 16.7 36.3 30.1 47.6 8.7 13.6 
24.5 25.5 26.5 23.5 21.6 26.5 16.7 35.3 30.1 50.5 5.8 13.6 
'iahlc, 2 Kumbers of transition (abobe diagonal) and transversion (below diagonal) substitutions in 307 bp segment of cytochrome-h 
gene of  parrots 
I 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  
I .Mlhp.sirlu~u.\ 
4 .4. rutrr/lop\ 
-7 Pirrpirrf,i~~p/i~ilu.\ 
3 1 i ~ . ~ r i i i r i . ~  
5 A .  iircuniunu 
6 .'I. u uuiiimnalb 
I L-'ro~iliclu.scolus 
8 PlrJn1I.s 
9 Psirroc.us 
I0 Piomphalus 
I I Nvmphk us 
12 Cu~lrluo 
13 Cnluniha 
24 37 27 39 29 31 25 21 35 31 32 28 
I2 31 28 31 28 26 23 25 31 29 29 28 
I1 I 3  ~ 27 22 28 15 32 26 24 29 33 33 
8 14 3 ~ 7 1  24 26 23 21 27 29 29 25 
I I  17 1 3 - 26 36 33 28 32 34 36 30 
9 15 2 I 2  28 29 21 24 29 31 26 
9 1 5 4  1 4 2 -  29 20 29 30 35 32 
9 15 4 I 4 2 2 - 21 29 24 26 24 
13 15 16 13 18 16 16 16 - 22 24 27 26 
15 15 18 17 20 18 16 18 4 23 28 28 
9 19 14 10 14 12 9 12 20 20 - 25 32 
7 17 12 9 12 10 8 10 16 16 8 - 28 
26 28 23 26 25 25 25 27 29 29 29 25 ~ 
Phylogeny 
Phylogenetic relationships among the major 
groups of Psittaciform birds are unclear, and 
several conflicting taxonomic arrangements have 
been proposed. SMITH (1975) included all parrots 
in a single family containing 4 subfamilies based 
upon morphological and behavioral characters. 
Relationships among the more distantly related 
parrots were here estimated from character state 
data using the PHYLIP package (DNAboot; 
FELSENSTEIN 1986). For this analysis, only 
transvcrsion substitutions were considered and ail 
but 1 of the closely related New World species ( A .  
0. orurrix) were excluded. Fig. 2 presents the ma- 
jori ty-rule consensus tree generated using the 
bootstrap procedure. This tree is slightly different 
from the shortest tree. but is identical to that 
generated using the UPGMA method. The boot- 
strapping procedure does not support the associa- 
tions suggested in Fig. 2 particularly strongly, 
except for that between Poicephalus and Psittacus. 
Among the parrots included in the study, the 
cockatiel and Gofin's cockatoo form a lineage 
distant from all others. This is consistent with 
studies based upon protein variation (ADAMS et 
al. 1984; CHRISTIDIS et al. 1991a) and cytogenetic 
evidence (CHRISTIDIS et al. 1991b), and indicates 
that the cockatoos represent an ancient lineage. 
The phylogenetic hypothesis suggested by the 
cytochrome-b sequences is therefore not con- 
sistent with SMITH'S (1975) subfamily Platycerci- 
nae, in which he included most species from Aus- 
tralia and some other species from surrounding 
islands. 
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Columba livia / 
Pionus 
senilis 
Amazona 
xanthops 
Graydidascalus 
bachyurus 
AITWOM 
autumnalis 
Amazona 
ochrocephala 
Arnazona 
tucumana 
Fig. 2. Consensus tree showing inferred relationships 
among some parrots and rock dove based upon transver- 
sion substitutions. Numbers shown at nodes indicate the 
number of times particular phylogenetic associations 
were found in 1000 bootstrap replicates. 
Fig. 3. Consensus tree showing inferred relationships 
among 6 species of New World parrots and the budgerigar 
based upon transition and transversion substitutions. The 
number of times particular phylogenetic associations were 
found in 1000 bootstrap replicates are shown at nodes. 
Transition and transversion substitutions were 
used to estimate relationships among the recently 
diverged New World species (EDWARDS et al. 
1991). The majority-rule consensus tree (Melopsit- 
tacus as the outgroup) is not consistent with the 
current taxonomic status of some of these species 
(Fig. 3). The only associations well supported by 
the bootstrapping procedure are between 3 Ama- 
trees (AWE 1989). Since the two types of tree are 
not always the same, information from several 
unlinked genes is required before definitive phylo- 
genetic statements are warranted. This underlines 
the need for additional sequence information be- 
fore relationships among the Psittaciformes can be 
established. 
zona species. The position of A .  xanthops is of 
particular interest in light of its cytogenetic similar- 
ity to Pionus (VALENTINE 1990). Similarly, the 
position of Graydidascalus relative to Amazona and 
Pionus remains uncertain. The data suggest that 
the genus Amazona contains more species than 
currently recognized, or that xanthops should be 
excluded. Clearly, however, phylogenetic inferences 
based upon the current data set are not well sup- 
ported statistically. A further caveat relating to 
DNA sequence-based phylogenies in general and 
to mtDNA-based phylogenies in particular, is the 
need to differentiate between gene trees and species 
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